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Abstract 

Gauge-mediated supersymmetry breaking is known to greatly suppress flavor chang- 
ing neutral current effects. However, we show that gauge mediation in the context of 
leptogenesis implies potentially large lepton flavor violating signals. If the heavy right- 
handed neutrinos that participate in leptogenesis are lighter than the messenger scale 
of gauge mediation, they will induce flavor off-diagonal masses to the sleptons which 
in turn can induce large effects in [i — ► e^y, r — ► fij, and \x — e conversion in nuclei. We 
demonstrate this result and compute numerically the lepton-flavor violating decay and 
conversion rates in scenarios of direct gauge mediation. 
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1 Introduction 



One of the challenges of supersymmetry is constructing a theory that has no new sources 
of flavor violation substantially beyond those already present in the Standard Model (SM). 
This requirement is thrust upon us by experiment, yet there are theory ideas that predict it. 

One such flavor-tame theory is gauge mediated supersymmetry breaking (GMSB). In 
minimal models PUI2| of GMSB (mGMSB) there are n m copies of 5 + 5 messengers that feel 
supersymmetry breaking via a gauge singlet, S = M + 6 2 Fs, in which M is a messenger 
mass and F$ represents a supersymmetry breaking scale in the messenger sector. Since 
the messenger particles interact with minimal supersymmetric SM (MSSM) particles only 
through the SM gauge forces, the messenger-loop diagrams give rise to flavor-diagonal 
supersymmetry breaking masses in the MSSM sector at the messenger scale M, and hence 
flavor violation in supersymmetry breaking masses are automatically suppressed at the 
messenger scale M pQ. 

The messenger scale can be any numerical value in principle. From a collider physics 
standpoint it is very interesting when M and F (goldstino auxiliary component) are as low 
as possible as it can potentially lead to prompt decays of the lightest SM superpartner into 
its corresponding SM particle plus gravitino [2]. The collider signatures for this are usually 
easy to distinguish from background and if found would provide a compelling case for gauge 
mediation or some close variant of the theory. 

Despite the interesting collider phenomenology of low-scale messengers, there are some 
advantages to considering a much higher messenger scale. This is particularly true when we 
consider how massive neutrinos fit into the full theory, as nowadays results from neutrino 
oscillation experiments clearly require. These neutrinos are best described by a seesaw 
mechanism with very heavy right-handed neutrinos, iVj [3J. Out of equilibrium decays of 
these heavy neutrinos can precipitate leptogenesis, leading to proper baryogenesis through 
sphaleron reprocessing jl]. Applying all these criteria we expect the right-handed neutrino 
masses to lie somewhere in the range El 

10 6 " 8 GeV < M Ri < 10 12 " 16 GeV. (1) 

Making leptogenesis work requires that the reheat temperature be at least as large as 
T R > 10 6 GeV Gravitinos can be produced copiously during the reheat phase of the 

universe [7|. For any given reheat temperature there is a lower bound on the mass of the 
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gravitino such that the universe does not become overdosed. Near this overclosure limit, the 
gravitino can be a significant component of the dark matter. For Tr = 10 6 GeV that lower 
limit is m 3 / 2 > 100 MeV. 1 Thus, supergravity tells us 

m 3/2 = F > 100 MeV => VF > few x 10 8 GeV. (2) 
v 3Mpi 

Keeping flavor-mixing supergravity contributions to scalar masses sufficiently suppressed is 
equivalent to requiring 7713/2 ^$ 10 GeV. Therefore, we have a lower limit and an upper limit 
for F, 

10 17 GeV 2 < F < 10 19 GeV 2 (allowed range for F). (3) 

The supersymmetry breaking i^-term(s) that participate in GMSB are not necessarily 
the full strength F-term(s) that add to the gravitino mass. In the early Dine-Nelson GMSB 
models F$ was a loop factor below the F in Eq. (J2J). However, there is a class of 
GMSB models, which we call direct gauge mediation, where F s = F P ITTH ITU IT2^ ITBI IT4*j. 
Combining the collider limits on the gaugino masses > 100 GeV with the allowed range 
for F obtained from requirements on the gravitino mass in direct gauge mediation, we can 
estimate the allowed range for the messenger mass, 

10 12 GeV < M < 10 15 GeV (messenger mass range). (4) 

Interestingly successful leptogenesis induced by heavy right-handed neutrinos leads to high 
messenger scale M in direct gauge mediation. 

Under the requirements in Eqs. (0 EJ), the phenomenology no longer admits prompt 
decays of the lightest superpartner into a gravitino. If the lightest SM superpartner is a 
neutralino the phenomenology will be hard to distinguish from a regular supergravity model. 2 
However, the interesting phenomenology of these models does not stop with collider physics. 
Indeed, in GMSB with such a high-messenger scale, heavy right-handed neutrinos play an 
important role in low-energy phenomenology as well as in leptogenesis. Perhaps the most 
important and unique phenomenological implication of this theory is the potentially large 
lepton flavor violating (LFV) signals that can arise. This is counter-intuitive since GMSB 



^df there is an entropy production after the freeze-out time of the gravitino, this limit would not be 
applicable because it dilutes the number density of the gravitino [5]. 

2 A charged lightest SM superpartner that is long-lived on collider time scales would be assumed to be 
metastable since copious charged dark matter is not allowed cosmologically. Therefore, one would conclude 
that it must decay to something else, and a light gravitino would be the leading candidate for a decay product 
that carries away odd R-parity. 
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is usually thought to not allow superpartner-induced LFV amplitudes. In this article we 
demonstrate why LFV happens in this general class of supersymmetry theories, and compute 
the expected rates for LFV observables B(fj, — > ej), B{j — > /J7), and /x — e conversion in 
nuclei. 3 



2 Supersymmetric SM with right-handed neutrinos 

We begin by reviewing the MSSM with right-handed neutrinos, in which the seesaw mech- 
anism naturally induces tiny neutrino masses. The superpotential in the lepton sector is 
given by 

W = ylE^H, + y?NiLjH 2 + ^N^. (5) 

Here we take a basis where the charged lepton Yukawa matrix y e and the right-handed 
neutrino mass matrix Mr are both diagonal. Note that in general the neutrino Yukawa 
couplings y v are not diagonal and become a source for LFV phenomena such as neutrino 
oscillation, \i — > ej, etc. 

Below each right-handed neutrino mass scale Mr 4 , the corresponding right-handed neu- 
trino Ni decouples. We write the resulting low-energy effective superpotential for the 
neutrino masses at the electroweak scale as follows, 

WW = - ~y (L>iH 2 ) (LjH 2 ) , (6) 



Kij 



(y^M^yX (7) 



The neutrino mass matrix then is given by 



0\2 



kv 2 sin 2 (3 



2 ' 



which can be diagonalized by the Maki-Nakagawa-Sakata (MNS) matrix f/ MNS j!6j : 

(f/ MNS ) T m^ MNS = diagK,, 77^,77^), (9) 
(f/ MNS ) T ^ MNS = diag( K f,^, K f). (10) 

From Eqs. (|IJ) and (fTT)|) . the neutrino Yukawa matrix can be expressed as |17j . 



y l J = jM Ri R tk J^(U MN % k , (11) 



3 Within the framework of supergravity supersymmetry breaking, leptogenesis and LFV have been 
discussed in Ref. |15j . 
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where the matrix R is an unknown orthogonal matrix R T R =1. Low-energy neutrino 
oscillation experiments determine the neutrino mass differences and the entries of the MNS 
matrix. Here we parameterize the MNS matrix as follows: 

^ c 12Cl3 Sl2 c 13 

~Sl2 c 23 — Ci2S23Si3e C12C23 — S 12 S23Si3e £230136 

V S12S23 - c 12 c 23 s 13 e tS -C12S23 - s 12 c 23 s 12 e tS 



u 



MNS 




where = sin 6^- and Cy = cos 6^-. 



In our analysis, we adopt the following numerical data jTHJ EJ] : 



sin 2 2fl 23 = 1, (13) 
AmL = ml - ml = 2 x lO" 3 eV 2 , (14) 



for atmospheric neutrinos, and 

9 U = 32.5 degrees, (15) 
Am 2 olar = m 2 2 -m 2 i = 7.1 xlO- 5 eV 2 , (16) 

for solar neutrinos. We assume hierarchical neutrino masses, so that we take m Ul = in our 
analysis. Angle #13 has not been determined yet, and its experimental limit is | S13 1 < 0.2 |18j . 
In our numerical analysis, we will take S13 = or 0.1 as reference values. For simplicity, we 
neglect complex phase S. 



3 Lepton flavor violation in GMSB 

Off-diagonal components in the neutrino Yukawa couplings give rise to LFV neutrino oscil- 
lations, and they also can induce significant LFV in the charged lepton sector. For example, 
even if the supersymmetry breaking mechanism is flavor-blind, as is the case with GMSB, 
LFV in the slepton masses can be induced through radiative corrections (i.e., renormalization 
group running) involving neutrino Yukawa interactions [211 IS]- However, effects of neutrino 
Yukawa couplings decouple if the scale of supersymmetry breaking is lower than the right- 
handed neutrino mass scales. In that case, the LFV in the slepton mass matrix is negligibly 
small. Low-energy GMSB behaves in this manner if the messenger scale is less than the 
right-handed neutrino masses. 

However, in the case of high-scale direct gauge mediation, which we motivated in the 
introduction, the messenger scale where supersymmetry breaking terms are induced can be 
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higher than the right-handed neutrino mass scales, M > Mr x . In this case, the neutrino 
Yukawa couplings enter the slepton mass matrix renormalization group equation over a 
significant scale range, thereby affecting potentially large LFV in the charged lepton sector. 4 

We can see this LFV effect through the renormalization group equations (RGEs) for the 
left-handed slepton masses: 

d . n \ d i 2 \ i 



+ 



16tt 2 



™>ivtvv + v\Vv m \ + 2 {vlmly v + m\ 2 yly v + A\A^j\ . . , (17) 



where /U,d(m /d^MSSM is a contribution from MSSM without right-handed neutrinos. Even 
if m| and m| are flavor- diagonal at the messenger scale, flavor mixings in the neutrino 
Yukawa couplings generate flavor violation in the left-handed slepton masses m|. The flavor 
mixing in the left-handed slepton masses is approximately proportional to y\y v . Using 
Eq. (HQ, 

{vlVu), e = (U Mm ^R}M R RV^U MNS ^), e , (18) 



-MNSrrMNS* ,.D t,/t I in |2 , %m |2 , ^fiim |2 

,3 U e3 n 3 M R J\R 33 \ +^l^23| +^-1^31 



I rrMNSrrMNS* f~JD~D M | P* P i ^ fi 2 P* P i j^gl p* p 

a /r - rt 22- fx 23 i" , , - rl -l2- fx 13 



M« 3 " M fi3 



+^8^8*^^ Up + M^\R^ + ^J^f ) . (19) 



In Eq. (fl§j). we assumed «f <C /cf* 



3- 



For r — > // flavor violation, indices and e should be replaced by r and //, respectively. As 

can be seen from Eq. ([19)1. LFV is induced by flavor mixings from [/ MNS and R. Although 

the matrix R is not known, the large neutrino mixing angles in JJ MNS suggested by the 

atmospheric and solar neutrino experiments imply that large LFV effects are possible when 

at least one Mr. < M. 5 

4 Since the messenger scale M is lower than the GUT scale, GUT-induced LFV in superpartner masses is 
absent. 

5 The hierarchical neutrino Yukawa couplings also induce non-degeneracy in diagonal components of the 
left-handed slepton mass matrix. Therefore, the precise measurement of slepton and sneutrino masses also 
would be important to probe the effects of the neutrino Yukawa couplings. 
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In this article we mainly adopt mGMSB to calculate event rates of LFV processes. In 
mGMSB, MSSM gaugino (Mi, i = 1 — 3) and sfermion masses are generated at the messenger 
scale M as follows: 

M,(M) = n ,„^§ (20) 

A 2(M) = ^{c ia ?(M)+c 2a J(M)+c 3a I(M)}ii (21) 

where a, are S77(5)-GUT normalized gauge couplings. The q are the Casimirs of the sparticle 
representations under the SM gauge groups, which in the SM translates to 

- ^ (X_\ 2 J 3 / 4 ' if SU ( 2 ) doublet _ / 4 /3, if SU(3) triplet , , 

Cl ~ 5 V 2 ) ' ° 2 ~ \ 0, if SU(2) singlet ' ° 3 ~ \ 0, if S77(3) singlet [ ' 

Below the messenger scale M, we consider the MSSM with massive right-handed neutrino(s) 
as the effective theory. We then numerically compute RGEs from the messenger scale M to 
electroweak scale, taking into account decoupling of the right-handed neutrino TV, at each 
mass scale Mr. . During the RG running between M and Mr. , neutrino Yukawa interactions 
generate LFV in the slepton masses as shown in Eq. (fT7|). and as a result, low-energy LFV 
events are induced. 

In order to show the messenger-model-dependence of the result, we also consider the 
Q-S-<p model of Ref. ^3] as an example that has a complicated messenger sector. 6 In this 
model, at the highest energies the gauge group is S77(5)# x 577(5) g with gauge couplings 
an and «g respectively. We assume all SM matter fields couple only to S77(5)#. Below the 
threshold of the Q states Mq, the gauge group breaks to SU(5)q x S77(5)# — > 577(5) with 
resulting gauge coupling a. The low-energy superpartner spectrum at the scale Mq can be 
computed using the techniques of Ref. 



Mi(Mq) = ^M9lZ_( bs -b H -b G ) (23) 
9/,. x ca 2 (M ) F 2 f a 2 H (M ) , A 



where c is defined in Eq. flzzj) . and the hi are defined to be the coefficients of the gauge (5 
functions (see Eq. (5) and just below Eq. (84) of Ref. [22] for explanation of these values). In 
our numerical analysis, we will assume a 2 H (Mo) / a 2 (Mq) = 1 for simplicity. 7 It is necessary 

6 We call the model of Ref. the u Q-S-(j) model" because it contains three messenger mass scales Mq, 
M s and M<f, associated with Q, S and 4> states, where Mq = Xv Q /a/5 (~ 10 15 GeV), Ms = {vq /V5) 3 /M^ (~ 
10 8 GeV) and M = (v Q /V5) 4 /M P i (~ 10 5 GeV). 

7 In the case with (x 2 h (Mq) / a 2 (Mq) = 1, A-terms vanish at Mq. 
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to apply the above scalar mass equation for each gauge group the superpartner scalar is 
charged under, and then sum the result to obtain the mass. At thresholds Ms and M^ 
where chiral messenger fields S and (j> decouple respectively, additional gaugino and scalar 
masses are generated. As we want to fully incorporate Yukawa coupling effects, we treat 
Eq. (|24|) as a boundary condition at the scale Mq and numerically evolve the masses to the 
weak scale across the S'-fields and 0-fields thresholds. We refer the reader to Ref. [T3] for a 
detailed description of these thresholds. 

In the subsequent sections, we will investigate this LFV phenomena employing several 
plausible assumptions about the mixing angles and masses of the neutrino sector. We will 
find that the LFV observables /x — > ej, /x — e conversion in nuclei and r — ► /X7 can grow 
significantly above the SM predictions in several interesting cases, and therefore the ideas 
can be tested by present experiment and future upgrades of these LFV experiments. 

3.1 Degenerate right-handed neutrinos Mr 3 = Mr 2 = Mr 3 

First we consider a case in which all right-handed neutrinos are degenerate Mr 3 = Mr 2 = 
Mr 3 = Mr. In this case, Eq. (fTT)|) is written by 

{ylypjfie — u^ u e3 „ K^MRg + u^ u e2if k 2 m R2 . (2oj 

Note that there is no R matrix dependence in this case. Therefore if neutrino masses, 
mixings and superpartner masses are fixed, LFV event rates are expressed as a function 
of the messenger scale M and the right-handed neutrino mass scale Mr. In Fig. ^ the 
/x — e conversion rate _R(/x — > e in Ti) is shown as a function of M and Mr. Here we take 
C/mns = o a nd tan/3 = 30. We assume mGMSB with n m = 1 and wino mass (M 2 ) to be 
200 GeV, which fixes the entire superpartner mass spectrum. As can be seen from Fig. ^ 
as Mr becomes larger, the \x — e conversion rate gets larger as long as the messenger scale 
M is larger than, and not close to, Mr. As can be understood from Eq. (|25|). the third 
generation right-handed neutrino does not contribute to /x — e flavor violating slepton masses 
when U^ NS = 0. When U^ NS = 0(0.1), the third generation contribution to /x — e LFV in 
slepton masses becomes dominant, and hence the /x — e conversion rate gets larger in general 
than what we present in Fig. ^ The effect of non-zero ?7^ NS would be more important in 
some case with non-degenerate right-handed neutrinos as we will discuss later. 

In the supersymmetric SM with right-handed neutrinos, the magnetic-moment-type pho- 
ton penguin diagram, which also induces the /x — ► ej process, is almost always dominant in 
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R(u-^e in Ti) 

16 M 2 = 300 GeV tan(3 = 30 u e3 S = 

| E 1 1 I I I I I I I 1 1 — I I I I I 1 1 1 1 — I I I I I 1 1 1 1 — I I I I I 1 1 1 1 — I I I I It 




M (GeV) 



Figure 1: The \i — e conversion rates R(ii — > e in Ti) as a function of the messenger scale M 
and the degenerate right-handed neutrino scale M R . Here we take t/Jf NS = and tan j3 = 30. 
We assume mGMSB with n m = 1. The low-energy wino mass (M 2 ) is set to be 200 GeV, 
which fixes the entire superpartner mass spectrum. Current limits on R(fi — > e in Ti) and 
B(fi — > ej), and a future sensitivity at MEG [B(/j, — > &y) = 1.5 x 10~ 13 ] are also shown. 
Future \i — e conversion experiments may reach a sensitivity close to R(fi — e) ~ 10~ 18 . Note, 
there is no LFV above the diagonal line as Mr is above the messenger scale. 



the fi — e conversion process, and hence there is a relation between the predicted B(/j, — > ej) 
and R(n — > e in Ti): 

/?( 1 1 — ± p in Ti I 

- 5 x 10" 3 . (26) 



B(ji -> &i) 

This relationship is what allows us to show in Fig. ^ simultaneously the current limits from 
H — e conversion process [R(fJ> — > e in Ti) = 6.1 x 10~ 13 ] [25 : , // — > e^y process [B(fx — > 
ej) = 1.2 x 10 -11 ] [25^, and a future sensitivity at MEG experiment [B(fi — > ej) = 1.5 x 
10~ 13 ] [23 121] • We a l so no ^ e that the expected sensitivity at the future MECO experiment 
for fi — e conversion will be R(fi — > e) = 10 -16 [22J I2EL and further future experiment may 
be able to reach a sensitivity R(fi — > e) = 10~ 18 according to studies in Ref. j2Zj. Therefore, 
at present, the current fi — > e^j limit already constrains the region Mr > 10 14 GeV and 
M > 10 15 GeV in Fig. □ The future MEG and MECO experiments will be sensitive to 
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Figure 2: Relations between — > e) and superpartner contribution to muon g — 2 (<5a^ USY ) 
as a function of low-energy wino mass M 2 in mGMSB with n m = 1,2,4, 10 and in Q-S-<p 
model. We assume that Mr = 10 13 GeV, C/Jf NS = 0, tan/5 = 30, and the messenger scale 
M = 10 14 GeV for mGMSB and M Q = 10 15 GeV for Q-S-tp model. 



the region around Mr > 10 12 " 13 GeV and M > 10 13-14 GeV. It is extremely interesting 
to see from Fig. ^ that future measurements by experiments such as PRIME may be able 
to reach the region above Mr > 10 11 GeV and M > 10 12 GeV. When one considers that 
this encompasses the range of allowed messenger mass from the leptogenesis considerations, 
Eq. (JU), the result indicates that LFV signals are expected to be measured provided M R < M. 

In Fig. El we show relations between R(fi —>■ e) and superpartner contribution to muon 
g — 2 (5a^ USY ) as a function of the low-energy wino mass M 2 in mGMSB with n m = 1, 2, 4, 10 
and in the Q-S-<j> model. Here we have assumed that M R = 10 13 GeV, U% NS = 0, tan (3 = 30, 
and the messenger scale M = 10 14 GeV for mGMSB and M Q = 10 15 GeV for Q-S-cj) model. 
Note that a recent updated estimate of muon g — 2 [2E] shows that the deviations of the SM 
prediction from the measurement at BNL [21] are found to be 



5a, 



(22.1 ±7.2 ±3.5 ±8.0) x 10~ 10 
(7.4 ±5.8 ±3.5 ±8.0) x IO" 10 



[e + e — based estimate] , 
[r — based estimate], 



(27) 



where the first error comes from the hadronic contribution, the second one from the light-by- 
light scattering contribution and the third one from the BNL experiment. For fixed M2, as 
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the number of messenger multiplets n m gets larger, <5a^ USY increases because slepton masses 
become smaller (see Eq. (|20Jl ). on the other hand, R(fi — > e) does not change much because 
the smaller slepton masses also slightly suppress the LFV masses compared to the diagonal 
components that originated partially from gaugino masses in the RGE running. In the Q-S-<p 
model, relatively large scalar masses, which are flavor diagonal, are additionally generated at 
S and (f) mass thresholds, which are below the right-handed neutrino mass scale. Therefore 
the LFV masses are relatively suppressed, and as a result, the conversion rate gets smaller. 
Taking into account the allowed range of Mq (10 14 GeV < Mq < 10 16 GeV) ^3], however, 
the present and future LFV searches have great impact on sensitivity to this model too. 

LFV event rates depend on parameters in the neutrino sector such as Mr and f/^f NS as 
shown in Fig. ^ On the other hand, the contribution from superpartners to muon (7 — 2 is 
almost independent of these parameters because small LFV slepton masses do not affect it. 
So in the parameter space in Fig. Q the superpartner contribution to muon — 2 is almost 
constant, 5a^ USY ~ 2 x 10~ 9 . For fixed <5a^ USY , the messenger-model dependence can be read 
from Fig. El and the dependence on the neutrino parameters and the messenger scale can be 
seen from Fig. ^ It should be noted also that 5a^ USY is approximately proportional to tan j3, 
and R(fi — > e) is proportional to tan 2 /?. Since R(fi — > e) oc (<5a^ USY ) 2 as can be seen from 
Fig- 121 [SI] , potentially the precise determination of muon g — 2 together with LFV searches 
would provide a significant handle on models with LFV. 



3.2 Non-degenerate right-handed neutrinos Mr 3 > Mr 2 > Mr x 

When the right-handed neutrinos are not degenerate M^ 3 > Mr 2 > Mr i; a dependence on 
the i?-matrix enters in the slepton masses, and hence the LFV event rates generally depend 
on the unknown 8 parameters of Rij. 

First let us consider the case with R — 1. When £/Jf NS = 0, the third generation right- 
handed neutrino does not induce fi — e flavor violation. In this case, whatever the value 
of M^ 3 is (even if M^ 3 > M), the fx — e conversion rate is the same as that found in 
Fig. n except that now we should read Mr in Fig. Q]as Mr 2 . However, LFV generated by 
the third generation right-handed neutrino is important in the r — > fi'y process especially 
when M > M# 3 and Mr 2 is rather small (say, less than 10 12 GeV). In Fig. El branching 
ratio contours of r — > fi'y are shown as a function of the messenger scale M and the third 

8 None of the successful neutrino oscillation experiments can pin down or even constrain the i?-matrix 
entries. It takes additional observables, such as LFV signals, to make progress in constraining this matrix. 
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Figure 3: Branching ratios of r — > ^7 process, B(t —>■ yrf) as a function of the messenger 
scale M and the third generation right-handed neutrino mass Mr 3 . Here we consider the 
hierarchical right-handed neutrinos, Mr 1 = 10 10 GeV and Mr 2 = 10 12 GeV. We assume 
mGMSB with n m = 1 and M 2 = 300 GeV, and tan/5 = 30, U^ NS = and R = 1. Future 
experimental sensitivity might be as low as 10 -9 , in which case there is a significant region 
of Mr 3 and M that this LFV observable would probe. 

generation right-handed neutrino mass Mr 3 . Here we assumed mGMSB with n m = 1 and 
M 2 = 300 GeV, tan/5 = 30, U^ NS = and R = 1. We took Af fll = 10 10 GeV, Mr 2 = 10 12 
GeV, and thus the \i — e conversion is typically small (R(fi — » e) ~ 10 -16 — 10 -17 ) because 
the third generation right-handed neutrino does not contribute {U^ NS = 0) and Mr 2 is so 
low. Nevertheless, as can be seen from Fig. El the search for r — >• ^7 could be interesting 
and capable of probing the region around M > 10 15 GeV and Mr 3 > 10 14 GeV if the future 
improved measurement of B(t — > ^7) gets to the level of 10 -8 — 10 -9 [31 . Therefore r — > ^7 
will be independently important in the framework of GMSB. 

Next, we consider cases where R ^ 1. We parameterize the i? matrix as follows: 




(28) 



where s ra = sin 6 Ri and c ra = cos Or. . 
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Figure 4: The fi — e conversion rates, R(fi — > e in Ti), as a function of an angle 9 Ri in the 
unknown R- matrix. Each line in the plot is drawn by varying only one non-zero angle 6 Ri . 
We assume mGMSB with n m = 1 and M 2 = 300 GeV, tan (3 = 30 and U% NS = 0. Here we 
set M = 10 15 GeV, M Rl = 10 10 GeV, M Ri = 10 12 GeV, and M Ra = 10 14 GeV. 

Assuming that one of the angles 8 Ri is non-zero, we present \l — e conversion rates showing 
the dependence on each angle 9 Ri in Fig. 0] and We assumed mGMSB with n m = 1, 
M2 = 300 GeV and tan/3 = 30. We fixed the messenger scale and right-handed neutrino 
masses to be M = 10 15 GeV, M Rl = 10 10 GeV, Mr 2 = 10 12 GeV, and M Rs = 10 14 GeV. 

In Fig. |H f/^f NS is set to zero. As can be understood from Eq. (|19|). due to non-zero 
mixing in the i?-matrix, several comparable terms are generated in Eq. (|19jl . and then for 
some specific values of 8 Ri , a cancellation occurs between terms. That is why we find some 
steep suppressions of R(p, — > e) in Fig. HJ Otherwise the event rates in most of Fig. |U are 
comparable or larger than those when R = 1 (8 Ri = 0). 

In Fig. we show a similar figure to Fig. |U except that t/^ NS is set to be 0.1. Again at 
some (different) values of 6 Ri a cancellation occurs and R{ji — e) dips precipitously. However, 
the typical value of the event rates are often considerably larger than those when £/,!f NS = 0, 
especially when the hierarchy between M R2 and M Ra is large. Therefore, we conclude that 
we should generally expect large LFV event rates even though the i?-matrix is unknown. 
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Figure 5: Same as Fig. 0] except for t/^ NS = 0.1. 

4 Conclusion 

We have found that if we incorporate neutrino masses and leptogenesis into the superstruc- 
ture of direct gauge-mediated supersymmetry breaking, significant low-energy LFV signals 
are possible in observables such as \x — > ej, \x — e conversion in nuclei and r — > fij. Heavy 
right-handed neutrinos below the high messenger scale are what induce the large rates. This 
is because the full Yukawa couplings of neutrinos are part of the effective theory between 
the messenger scale and the lower right-handed neutrino scale, thereby enabling their highly 
mixed off-diagonal entries to infect the slepton masses via renormalization group running. 
The large LFV mass entries in the slepton mass matrix that result from the neutrino Yukawa 
coupling RG-effect contribute in loops to the LFV observables. 

We have shown that small regions of parameter space are already ruled out by carefully 
correlating what the theories predict for LFV observables to what the experiments have (not) 
measured. Large regions of parameter space will be tested and probed by future experiments 
dedicated to significant improvements in the search for /i — > ej, fi — e conversion in nuclei and 
t — > fij. And as we have emphasized in this article, a non-zero measurement of these LFV 
decays is not only consistent with some versions of gauge mediation, it is to be expected. 
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